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SUMMARY 

Model s t ud i e s  were made on t h e  overflow spi l lway of Bhakra 
D a m ,  India ,  i n  connection with a redesign of the spil lway t o  provide 
for, an increase  i n  t h e  discharge capacity.  The spi3.lway design and 
m d e l  s t ud i e s  were performed i n  t he  Dehver o f f i c e s  of the  United Sta t e s  
Sareau of iieclanation. A s ec t i ona l  moiel of the  spil lway,  approxi- 
mately L f e e t  wide, was constructed t o  a sca le  of 1: 50 and used t o  
study the  performance of t he  spil lway i n  d e t a i l .  

Tes t s  were mn on the  spil lway shown i n  Figure 2 f o r  all 
ranges of spil lway operatin? condit ions.  The discharge capac i ty  of t he  
over flow sect ion for the  e n t i r e  head range was determined along witah 
pressure measurements and water surf ace prof i les .  These s t u d i e s  showed 
that  the  c r e s t  shape and general dimensions of t h e  spi l lway were 
sa t i s fac to ry .  

Tes t s  on the proposed s t i l l i n g  basin, Basin No. 1, Figure '7, 
showed s a t i s f a c t o r y  performance with regard t o  e ros ion  and wave heights ,  
while the  jump sweep-out tests indicated t h a t  t h e  tail water could be 
lowered 9 f e e t  below normal before t he  jump was swept out  of t h e  basin. 
Two additional. s t i l l i n g  bas ins ,  F i ~ r e  7, were t e s t ed  which had more 
volume due t o  lowering of t h e  upstream f loor  sect ions .  These basins  
d id  not perform as well as t h e  first basin. Baff le  p i e r s  20 feet high 
and an end sill a l s o  20 f e e t  high were tes ted  with Basin No. 3, 
Figure 16, and they improved t h e  performance of the  s t i l l i n g  basin. 
Their  use, however, cannot be recornended without q u a l i f i c a t i o n  because 
of t he  severe o w r a t i n g  condi t ions  i n  a s t ruc tu re  o f  t h i s  s i ze .  'he 
proposed bas in ,  Basin No. 1, Figure 7, was considered most sa t i s fac to ry .  
Basin No. I would, ho~rever, provide even b e t t e r  performance if the 
e n t i r e  bas in ,  including t h e  curved bucket, were lowerecl 5 t o  10 fee t ;  
or, by const ruct ing a downstream r i v e r  cont.rol, the  t a i l  water could 
be ra ised an equal amount for t h e  290,000 c f s  discharge.  ' h e  addi t ional  



l o k r  waves 'and surges,-and a greaier  margin of sa fe ty  agalnst  jump. 
sweep-cmt a t  the  higher discharges. 

Motion pictures  of the  th ree  s t i l l i n g  basins  were taken 
during the t e s t s .  A copy of these fi lms i s  submitted wlth t h e  report  
t o  i l l u s t r a t e ,  i n  motion, the act ion i n  the  a t i l l i n g  basins. ~ 

- 
INTRODUCTION 

Bhakra Dam i s  located on the S u t l e j  River in t he  eas te rn  
section of the S ta te  of East Punjab, India,  Figure 1. I t ' i s  under 
construction by the Punjab I r r i ga t ion  Department. The dam is  a con- 
c re te  gravity type, about 680 f e e t  high with a mgximum reservoi r  ca- 
pacity of 7,600,000 acre feet .  The drainage area upstream from the  dam 
involves 21,950 square miles, The project  w i l l  provide flood control ,  
hydroelectric power, and i r r i ga t ion  for t he  whole of the  Province of 
East Punjab and Delhi. 

%e design of Bhakra Dam, prepared i n  1949 by the 
Internat ional  Engineering Company, Incorporated, was investigated by 
hydraulic models. Two spillways were provided f o r  the  major flood 
flows passing the dam--one a cen t ra l ly  located overflow, o r  main sp i l l -  
way controlled by two drum gates,  and the other a tunnel spillway con- 
t ro l l ed  by two r ad ia l  gates. In  addit ion,  24 r i v e r  ou t l e t s  w e r e  
provided which passed through the main spillway and discharged onto the 
spillway face. The combined discharge of t h i s  system was su f f i c i en t  t o  
a c c m o d a t e  the  probably maximum fl.ood of 400,000 cfs .  Under these 
plans, the upper 5 f e e t  of :-eservoir storage o r  surcharge was reserved 
as a safety  factor .  

I n  a recent review by the Bhakra Control B o a r d  the 5 f e e t  of 
reservoir  surcharge was u t i l i zed  i n  routing the flood of 400,000 c f s  
through the  reservoir. This procedure resul ted i n  reducing the  maximum 
flood t o  be passed to  290,000 cfs.  The reduction of 110,000 c f s  i n  
flow made it possible t o  eliminate the  tunnel spillway on the l e f t ,  
provided ' t h e  c m t e r  overflow spillway was modified t o  provide f o r  
290,000 cfs.  Thus it was necessary t h a t  a redesign of t h e  spil lway be 
made. The new spillway design and accompanying hydraulic model s tud ies  
were undertaken by the United S ta tes  Bureau of Reclamation, Denver, 
Colorado, in an agreement with the Central  Water and Power Canmission, 
India .  

- 
Hydraulic Model Studies of Bhakra  dolora ado Addrl College, 

November 1949. 



divided into two sactishs by a wall 10 feet wLde r w m b g  ths length of 
the spillway frap the e d  of tb ~ ~ t m y  pier to fkb dowast- 4 of 
the stilling hrain. Pha marhim capacity of the ~.erfhm soctim is 
210,000 cfs, a d  the omst i s  controllad by four dial  gates each 57.5 
feet i n  length by 37.4 feet higfi, nPo river oahleta disdmrg3.q deun 
the face of the %piPlway b v e  a capseitg of 80,000 cfs a c h  resalts in 
a mxhm f l o w  "- ?;he stillibg basin of 290,W efs. 

'0 

Since ths arntleds wm Iwt calstrte~ec8d in tki ssctiaaal PobaP, 
it nas necessary when Paiking stilling basin tests &enre cbs to 
pass the vetem, which d d  ordbarlly be &scba.rgsdl thmmgh ebg o u b  
lets, over Ule s p u m y  crest. lb a v e r 4  quantity of water entsrfng 
the stilling bas.h was th(erefore c m c t ,  the total  'mwgy  m b e r h g  the 
basin wis very nearly com-ect, a d  tbe directiar of 'the flmu exhering 
t h e  basin was correct, Therefore, the still* basin &dies are 
be l i eved  to be as accurate as t h a @ ~  khe mtlets  ha! beem d e l e d  a d  
aperaw. 

To construct a mdel of the en- s@llwa;r d 9djace1It area 
to a scale sufficient t o  - a detailed s9;ody of the sp~,1&y and 
s t i l l i n g  basin would have ~~ special ard costly di f i ca t i ons  to 
the laboratmy equipenti. Intrtead of t h l s  ccgplee mdel, it was 
decided .to 'build a seeticrial model vhich wmld give just as reliable 
results far crest and stilling basin stdies at less cast. 

Ihe nrodeZ was cm.stmeted i n  the ~emanent  laboratory 'fit-, 
and t h e  upstream walls were rai:d 4 feet iri order to build the d e l  
to a scale of 1: 50. 'he nuare'roidth of 47.6 inches was eqdtvdlent to 
a prototype spillway width of 1913 feet. lttus 198 of the total over-all 
width of? 260 feet was represented. Use sf the laboratory f l ~ a a e  pravided 
not only the advantages of a hma3 d e l ,  but the flow h the -stilling 
basin could be observed thrwgh the glass w a l l  on the right side of the 
flume. The m x h m  flow of 1,160 cfs per rout of stilllra basin width, 
for 198 feet of width, was x = e p r e s e r t e d  by 13.03 cfs 3n the d e l ,  

The model a3 installed in the flune is  shuun i n  Figure 3. 
The overflow sectim., made of sheet aetal, was placed above a steel 
bulkhead which acted as the upstreavm face of the dam. Fhe spillway 
surface s;rd  tilling basin sections were aade of sheet mtdL screwed to  
wooden frames cut t o  the shape of the  spillway profile. This portion 
of the  model was &a sf several separate units t o  facilitate ch-s 
i n  the model. A movable riverbed of gravel averaging about 1/4 inch i n  



supplied t o  t h e  mcdel from the  permanent laboretory supply l i n e s  con- 
nected t o  f ixed pumps and ven tur i  meters f o r  measuring the  discharge.  
A t a i l g a t e  was used t o  control. the  e levat ion of t he  tai l  water which 
was read from a sca le  on a g l a s s  manometer connected t o  x piezometer i n  
t he  s ide  of the  flume. The rese rvo i r  e leva t ion  was read us ing a point 
gage i n  a still.ing-well. connected 50  the  s ide  of the  head box. 

THE INVESTIGATION 

Tests  on t he  Overflow Section 

General performance and pressures. TWO bays 57.5 f e e t  wide 
with ga tes  and p i e r s  were represented i n  the  model which was one-half 
the  overflow sect ion of the  spillway. Tho maximum discharge was 
105,000 c f s  f o r  the  two bays which was represented by 5.94 c f s  i n  t he  
model. The shape of t h e  overflow sec t ion  and gates  a re  shown i n  
Figure 2. 

. The model was operated a t  var ious  discharges  including the 
maximum and t h e  appearance of the  flow was observed. The contract ions  
of t he  flow occurring a t  t he  upstream end of the p i e r s  was not  
considered excessive even a t  the  maximum discharge,  Figure LA. The 
dis turbance caused by the  p i e r s  i s  re f lec ted  i n  the  water surface down- 
stream from the  c r e s t ,  Figure 4B. A fin of water, caused by the  in te r -  
sec t ion  of the  flow from the  two bays, or ig inated a t  the  t a i l  of the  
cen te r  p ier .  A t  t he  nmcimm discharge t he  f i n  rose several  feet above 
t h e  face  of t h e  spillway, but it was not c o n s i d e d  a harmful flow 
condition. P i e r s  gradual ly  tapered in the  downstream d i r e c t i o n  might 
he lp  t o  reduce t t L j  fin, but they #ere not tes ted .  

Pressures and w a t e r  surface p r o f i l e s  were taken on the  oyver- 
f l o w  sec t ion  f o r  var ious  condit ions o f  f l a w ,  Figure 5 .  The discharges  
shown in  t h e  f i gu re  represent  t h e  t o t a l  discharge with four  ga tes  
operated equally, Pressure va r i a t i ons  were small between the  var ious  
flow co rd i t i ons  except f.or the  region upstream fran the  gate. Since 
t h e  lowest pressure w a s  only 3.5 f e e t  of water prototype below atmos- 
pheric, the overflow sec t ion  was considered sa t i s fac to ry .  The water 
surface  p r o f i l e s  shown i n  t he  f igure  a l s o  i d i c a t e  uniform and satis- 
fac to ry  flow cordi t ions .  

D i s c h a r ~ e  ca l ib ra t ion ,  The overflow sec t ion  was ca l ib ra ted  
wt th  free flow over the crest and with t h e  ga tes  at fixed openings. 
Although t h e  tests were made using two 57.5-foot r a d i a l  ga tes  the  d i s -  

I charge capaci ty  curves, Figure  6, were made by doubling t he  mcdel r e s u l t s  



operated sgmnetrically.  he t o t a l  head over the  c r e s t  was 38.50 f e e t  
f o r  t h e  n o  discharge of 210,W c f s  which resu l t ed  i n  a coe f f i c i en t  
of diachtwge C of 3.82 i n  t he  equation C a . The s tud i e s  made on 

t h e  overflow sec t ion  did not show any favorable hydraulio condit ions,  
and no modificat ions t o  the  proposed design were considered necessaxy, 

Tests  on t he  still in^ Basin 

S t i l l i n g  Basin No. 1. The s t i l l i n g  bas in  f i r s t  t e s ted  i n  t he  
model had a r e l a t i v e l y  shor t  hor izonta l  f l o o r  165 f a e t  long a t  e leva t ion  
1095, Figure ?A, d t h e  upstream f loor  sect ion had a slope of 10:l.  
I n  the  prot,otype the  s t i l l i n g  bas in  i s  divided i n t o  two sect ions ,  125 
f e e t  wide, by a center  wall, but t h i s  w a l l  was no'c used i n  t he  s ec t i ona l  
model. The performance of t h e  s t i l l l n g  bas in  was obsemed f o r  var ious  
discharges. The appearance of t h e  flow a s  seen through the  g l a s s  w a l l  
i s  shown i n  Figure 8, f o r  discharges of 200,000 and 290,000 cfs .  The 
operation i s  b e t t e r  i l l u s t r a t e d  by t h e  motion p i c tu r e s  taken through the  
g l a s s  panel. A t  t h e  maxFmum discharge the  waves downstream from the  
bas in  i n  the  r i v e r  cha~mel. had an amplitude, o r  va r j a t i on  i n  
water surface ,  of 8.3 f e e t ,  Figure 9. The waves heights  were measured 
and recorded e l ec t ron i ca l l y  and give an accurate  value f o r  the  m&num 
waves i n  t he  channel. 

The lowering of t he  tai l-water  e leva t ion  9 feet below normal 
f o r  maximum discharge caused the  jump t o  sweep out of the  basin as 
s h m  by t h e  sweep-out cunre A i n  Figure 10, The amount t he  t a i l  water 
had t o  be lowered to '  cause sweep-out increased f o r  lower discharges. 

The performance of t h e  bas in  with nom-d t a i l  water was b e t t e r  
f o r  a l l  d ischarges  less than 200,000 cfs  than fox discharges above 
200,000 cfs. Thus, the  operation below 200,000 c f s  may be ca l l ed  excel- 
l e n t  and t h a t  above 200,000 cfs sa t i s fac to ry .  The average water surface  
p r o f i l e  a t  a discharge of 290,000 c f s  i s  shown i.n Figure 1 1 A  with normal 
tai l-water  elevation.  

To determine t h e  eros ion i n  t h e  r iverbed,  the  model was 
operated f o r  1. hour a t  t he  m u c h u m  discharge with normal tai l-water  
elevation.  The lowest riverbed e leva t ion  w a s  1086 which was 9 feet 
lower than the! horizontal. f l oo r  of t h e  s t i l l i n g  baain, Flgure 12A. The 
mater ia l  movecl by t h e  flow is represented by t he  area between t h e  
o r i g ina l  bed and eroded bed. After t he  s t ud i e s  on Basin No. 1, it was 
decided t o  increase the  volume of the  basin by extending the  hor izonta l  
f l o o r  upstream t o  determine whether the  prfo:rmance could be improved. 



hor-izontai length of f l o o r  was extended upstream 117.5 feet and a 
sl.ope of 5: 1 was used f o r  t he  upstream floor. The operation of the  
bas in  f o r  discharges of 200,000 and 290,000 c f s  was i n  mast respec t s  
skmilar t o  the  previous basin and i s  shown i n  Figure 13. The surging 

1 .  ac t i on  was more pronounced with Basin No. 2, hcwever. This ac t ion  can 
otrserved by comparing the  operation as shown i n  the  motion picturres. 

I Pie amplitude of the  waves a t  the  maximum discharge was 17.5 feet, 
1 Figure 9 ,  or  about twice .the value f o r  Basin No. 1. 

The sweepout  curve was unchanged from Basin No. I, E'i.gure 10, 
because t he  downstream end of the  bas in ,  which con t ro l s  the  sweepout,  
t~rsas t h e  same f o r  t h e  two basins,,  The average water surface p ro f i l e ,  
Figure 11B, showed t h e  depths a t  correspording sec t ions  t o  be very 
similar t o  those f o r  Basin No. 1. I n  o ther  words, lowering the  f l oo r  
of t h e  bas in  caused a lowering of t he  water surface elevation.  Pres- 
sures were measxred on t h e  por t ions  of t he  f l o o r  sec t ions  sham by the  
piezometer l oca t i ons  i n  Fjgura U A .  The r e s u l t s  shown i n  t he  figure 
i nd i ca t e  a s i m i l a r i t y  between the  pressures and t h e  depth of water aver 
t h e  f loor .  

An erosion t e s t  was r u n  f o r  1 hour w i t h  maximum discharge and 
normal tai l-water  eleva.tion. The chape of the r iverbed r e su l t i ng  from 
t h i s  t e s t  i s  shown i n  F ibwe  1.2B and was very s imi la r  t o  t h a t  obtained 
w i t h  Basin No. 1, One add i t iona l  ~nodif ica t ion t o  t h e  bas in  f l oo r  was 
believed des i rab le  i n  t h e  study o:F t he  s t i l l i n g  ba5in. 

S t i l l i n g  Basf n No. 3. .Additional volume was given Basin No. 3 ,  
Figure 7C, by using a f u l l  len&h hor izonta l  f l oo r  which required . 
].owering of the  curve connecting, 'the spil lway face  and the  f loor .  The 
2ppearance of t he . f l ow  i n  t h e  st i :Lling basin f o r  a discharge of 200,000 
and 2?0,000 c f s  i s  shoim i.n F i g w e  15. The performance and surging 
ac t i on  was s imj la r  t o  t h a t  of Basin No. 2 which can be seen by obsemir.g 
t he  motion pict,ures taken through t h e  g l a s s  panel. The amplitude of t h e  
waves a t  the  mrur imm discharge was 15.0 f e e t ,  Figure 9,  o r  about t h e  
same as measured with t h e  second basin. 

The sweep-out curve, Figure LO, was t'ne same as found f o r  
S t i l l i ng  Basin No. 1 ard No. 2. The average water surface  p ro f i l e ,  
Figure 11, s h m d  a s i m i l a r i t y  of depth t o  the  two previous basins. 
Pressures were measured a t  t h e  six piezometer l oca t i ons  shown i n  
Figure 140. The pressures  were g r ea t e r  a t  higher discharges,  and t h e r e  
was a drop i n  pressure a t  t he  two downstream piezometers. The reason i s  

d not known. 

To increase  t he  e f fec t iveness  of t he  bas in  a row of 20-foot 
b a f f l e  p i e r s  and a. 20-foot end s i l l  were i n s t a l l e d  as shown i n  Figure"L6A. 



f o r  a d ischarge  of 290,000 c f s ,  Figuro 16B. The amplitude of t h e  waves 
i n  t h e  channel. downstream from t h e  b a s i n  was reduced t o  6.9 f e e t  f o r  
t h e  maxirmun d i scha rge ,  Figure 9. Although exac t  measurements were n o t  
t aken  t h e  e ros ion  c iose  t o  t h e  end sill. was not  as deep  as occurred wi th  
t h e  o t h e r  bas ins .  The sweep-out t e s t s  showed a g r e a t e r  margin of 
s a f e t y ,  F i k e  1.0, r e q u i r i n g  17 f e e t  of t a i l  water  r educ t ion  before  t h e  
;lump was swept o u t  a t  t h e  m a x i r m u n  d i scharge .  The water  su r face  p r o f i l e  
i n  t h e  s t i l l i n g  b a s i n  witah t h e  20-foot b a f f l e  p i e r s  and s i l l  is  shown 
by t h e  do t t ed  l i n e  i n  Figure 11C. 

A piezometer was i n s t a l l e d  on t h e  s i d e  of one of t h e  b a f f l e  
p i e r s  a s  shown i n  Figure IbA. T e s t s  on other models hnd i r d i c a t e d  t h a t  
t h e  lowest  p re s su re  t o  be expected on a b a f f l e  p i e r  of t h i s  type 
occurred i n  t h i s  general l o c a t i o n .  P res su res  obtained f o r  t h r e e  
d i scha rges  a r e  a l s o  shown i n  t h e  f i g u r e  and were a l l  well above atmos- 
pher ic .  The v e l o c i t y  of t h e  water  impinging an t h e  f ace  of  t h e  p i e r s  
was measured and found t o  be as high as 135 f e e t  pe r  second a t  the  
maximum discharge .  While these  a d d i t i o n s  t o  t h e  b a s i n  improved t h e  
performance, t h e  l i f e  of t h e  b a f f l e  p i e r s  would be l i m i t e d  under such 
severe  condi t ion>,  and t h e i r  i n s t a l l a t i o n  i s  not  considered good p r a c t i c e .  

Although t h e  l i m i t e d  t e s t s  made t o  measure pressures showed 
c a v i t ~ . t i o n - f r e e  p res su res ,  it  i s  p o s s i b l e  t h a t  l o c a l  cond i t ions  i n  t h e  
prototype might produce l o c a l  c a v i t a t i o n  with r e s u l t a n t  p i t t i n g .  With 
t h e  high v e l o c j t i e s  p re sen t  oh t h e  apron, ordinary abras ive  a c t i o n  
might cause severe  damage s ince  t h e  b a f f l e  p i e r s  might d i r e c t  t h e  f l o w  
i n t o . t h e  apron i t s e l f .  The hydrau l i c  performance of Basin No. I was 
considered t o  be t h e  most s a t j n I 2 c t o r y  of t h e  t h r e e  b a s i n s  t e s t e d .  
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FIGURE 7 

P.T. EL. 1 1  17.45 

A -  B A S I N  NO.l, R E C O M M E N D E D  

STA. 5+74.22 - - 

B - B A S I N  NO. .2 

C.- B A S I N  N0.3 

B W A K R A  D A M  
ST1 L t l  N G  BASINS TESTED 

1:50 S C A L E  M O D E L  



A .  Discharge 200,000 c f s  

B .  Discharge  290,000 c f s  

SPILLWAY 
STILLING BASIN NO. 1 

BHAKHA DAM - 1:50 MODEL 



Figare 9 
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Basin No. : ,, Diseb~rKe : A~1~It,de : Perlcd : Remrks 
I : I00,000 : 5.0 : 8 . 5  : 

i : 200,000 : 6.2 : 7.I : 

1 , 290.O00 : 8.5 : 7,i , 
2 : 1 0 0 , 0 0 0  : 5.2 : 7 . 8  : 
2 : 2 0 0 , 0 0 0  : 7.5 : 7.8 : 
2 , 290,0o0 : 17.5 : 6.0 , 
3 : i00,000 : &.6 , 6.~ : ' 

3 : 2OO,000 : 9.2 : 5.7 s 
: 290.O00 :. i~.0 : 5.? : 

3 : i00.O00 : 5.& , 6.& ,20-fc~t 
3 : 2OO,000 : 8.8 , 5.7 :baffle piers 

: 2~,000 : .6.~ , 5.7 :and end sill 

The wave ~asure~snts were Rade in the channel 
380 feet downstream from the end sill. 

The amplitude of the waves is in feet prototype 
and the period is in seconds. 

Waves in the River Channel 
Overflow Spillway 

~hakra Dam - i: 50 Model 







FIGURE. 12 

Note - Discharge 290,000 c.f.s. for one hour, 
tail  water elevation 1206. 
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Figure 13 

A .  Discharge 200,000 c f s  

8 .  Discharge 290,000 c f s  
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